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Abstract 21 22
The traditional ocean chemical explanation for the emergence of suboxia is that once O 2 levels 23 decline to about 10 micromoles/kg then onset of NO 3 reduction occurs. This piece of ocean 24 chemical lore is well founded in observations and is typically phrased as a microbial choice and 25 not as an obligate requirement. The argument based on O 2 levels alone could also be phrased as 26 being dependent on an equivalent amount of NO 3 that would yield the same energy gain. This 27 description is based on the availability of the electron acceptor: but the oxidation reactions are 28 usually written out as free energy yield per mole of organic matter, thus not addressing the 29 oxidant availability constraint invoked by ocean scientists. Here we show that the argument can 30 be phrased simply as competing rate processes dependent on the free energy yield ratio per 31 amount of electron acceptor obtained, and thus the [NO 3 ]: [O 2 ] ratio is the critical variable. The 32 rate at which a microbe can acquire either O 2 or NO 3 to carry out the oxidation reactions is 33 dependent on both the concentration in the bulk ocean, and on the diffusivity within the microbial 34 external molecular boundary layer. From the free energy yield calculations combined with the 35 ~25% greater diffusivity of the O 2 molecule we find that the equivalent energy yield occurs at a 36 ratio of about 3.8 NO 3 :O 2 for a typical Redfield ratio reaction, consistent with an ocean where 37 NO 3 reduction onset occurs at about 10 μmol O 2 : 40 μmol NO 3 , and the reactions then proceed in 38 parallel along a line of this slope until the next energy barrier is approached. Within highly 39 localized microbial consortia intensely reducing pockets may occur in a bulk ocean containing 40 finite low O 2 levels; and the local flux of reduced species from strongly reducing shelf sediments 41 will perturb the large scale water column relationship. But all localized reactions drive towards 42 maximal energy gain from their immediate diffusive surroundings, thus the ocean macroscopic 43 chemical fields quite well approximate the net efficiency and operational mode of the ensemble 44 microbial engine. 45 46
Introduction
Here we investigate the chemical driving forces behind these transformations by estimating 93 both the free energy yield per mole of electron acceptor (O 2 versus NO 3 ) and also the diffusive 94 boundary layer limitations that control the rate at which these species may be transported through 95 the boundary layer surrounding microbial cells to derive various "crossover" concentrations and 96 ratios. By this we mean the point at which a given nitrate consuming respiration process yields the 97 same amount of energy per unit of time as does a given oxygen consuming process, thus making 98 microbial nitrate consumption thermodynamically competitive with oxygen consumption. in such an abundance so as not to pose any supply limitations on the efficiency of organic matter 119 oxidation, or it is "depleted". This may mean either not present at all, or present in concentrations 120 so low that supply limitations are present. It is also implied in these abbreviated descriptions that 121 all organic matter oxidation is abruptly shifted to the next electron acceptor, whereas in practice a 122 gradual transition may occur.
123
In practice observations show that once a critical threshold is reached oxygen levels 124 continue to decline simultaneously with losses of NO 3 ; that is that oxic mineralisation and 125 denitrification occur concurrently. Here we examine the energetics of this process as a continuum, 126 a gradual shift with the utilization of multiple electron acceptor strategies as microbes seek to 127 extract the maximum energy from their local environment. For this we need to calculate the 128 supply limitations for the different electron acceptors.
129
The essential step required is to tabulate organic matter oxidation reactions in terms of 130 their energy yield per mole of electron acceptor. We first show in Table 1 the standard  131 representation of a tabulation of representative O 2 and NO 3 − consuming organic matter 132 oxidation reactions (see Table A .1 in the appendix for an explicit redox-balance and references 133 for these reactions) with their free energy yield values per Redfield ratio molecule (Δ
0,
). We 134 also list the more familiar per mole glucose equivalent (Δ 0, ) as a comparative check. These 135 values are derived from the standard energies of formation of the reactants and products (see 136  Table A .2 in the appendix for an excerpt of where the indices i and j indicate the pairing of reactions given in Table 2 . 153
The upper panel of at the "energy crossover point" can be defined as 225 226 at the point of equal electron-acceptor-diffusion-limited 230 energy yield for the two paired reactions can then be calculated as 231 232 (Fig. 4, left panel) , the same depth as the 339 inflection of the nitrate concentration profile (Fig. 4, right When looking at the electron acceptor sucession as a continuous process governed by 371 electron acceptor supply, it is required that an electron acceptor is not only assumed to be present 372 "sufficiently" or to be "depleted", but that physico-chemical supply limitations of the electron 373 acceptors have to be made explicit. Calculations based solely on the chemical free energy terms 374 do not yield a result that usefully mimics the observed ocean. But by including the diffusive terms 375 and accounting for the ~ 25% increased diffusivity of the O 2 molecule over the NO 3 ion then a 376 much better fit is found. The apparent lack of a temperature dependence appears simply to be due 377 to the fact that all reactants are contained within the Redfield ratio in constant proportions, and 378 that the temperature dependence of the diffusivity of O 2 and NO 3 is very similar. We note that 379 these relationships may be experimentally testable. 380 381
We only describe processes happening outside the microbial cell -i.e. we describe the "oceanic 382 supply side". True measured nitrate to oxygen crossover ratios may be organism specific 383 depending on exact local micro-environments and reaction pathways that are favored. Field data 384
and laboratory experiments can surely shed more light on this matter, both in terms of a census of 385 microorganisms in certain environments, but also in terms of net ecosystem function such as in 386 estimates of the large scale estuarine filter function (Hofmann et al., 2008) "crossover point" where NO 3 − will begin to be consumed. 392
From our calculations it is clear that the oxidative capacity of the oceanic NO 3 system is 393 quite small, and for a typical maximum concentration of about 40 μmol/kg the equivalent O 2 394 concentration is only about 12 μmol. Since the loss of O 2 from the solubility effect alone of an 395 ocean warming of 2° is about 14 μmol then even this modest effect will exceed the NO 3 capacity 396 as a buffer against emergent anoxia. In practice the solubility term appears to explain only 15% of 397 the O 2 losses now being observed (Helm et al., 2011 ) and it appears inevitable that given the 398 functional anoxia that now exists in some areas (Canfield et al., 2010) will transfom into a true 399 anoxic zone with the permament emergence of free sulfide in the ocean water column. There is no 400 record of this in modern times although sporadic sulfide eruptions have been observed (Weeks et. 401
al., 2004) and thus it would seem to be a true and deeply disturbing "tipping point" for the ocean 402 with the NO 3 buffer offering only very modest protection.
403
We also note that there are many other processes involving nitrogen transformations and 404 the analysis provided here considers only one, although major, facet of the reaction complex. 
